The efficiency of an irreversible combined cycle at maximum specific power output by Chen, J. C. & 陈金灿
This content has been downloaded from IOPscience. Please scroll down to see the full text.
Download details:
IP Address: 59.77.43.151
This content was downloaded on 19/05/2015 at 01:09
Please note that terms and conditions apply.
The efficiency of an irreversible combined cycle at maximum specific power output
View the table of contents for this issue, or go to the journal homepage for more
1996 J. Phys. D: Appl. Phys. 29 2818
(http://iopscience.iop.org/0022-3727/29/11/014)
Home Search Collections Journals About Contact us My IOPscience
J. Phys. D: Appl. Phys. 29 (1996) 2818–2822. Printed in the UK
The efficiency of an irreversible
combined cycle at maximum specific
power output
Jincan Chen
CCAST (World Laboratory), PO Box 8730, Beijing 100080,
People’s Republic of China
Department of Physics, Xiamen University, Xiamen 361005,
People’s Republic of China†
Received 29 May 1996
Abstract. An irreversible combined cycle is used to analyse the performance of a
two-stage combined heat engine system. The specific power output of the system
is adopted as an objective function for optimization. The maximum specific power
output and the corresponding efficiency are derived. The optimally combined
conditions of two irreversible cycles are determined. Several special cases are
discussed. The results obtained are compared with those of a single-stage
irreversible heat engine. Moreover, it is expounded that the performance of a
two-stage irreversible combined cycle may be described by an equivalent simplified
cycle system and the optimal performance of an n-stage irreversible combined heat
engine system is given. The aim of this research is to provide some new significant
conclusions and redress some errors existing in a related investigation.
1. Introduction
In order to raise the availability of energy sources and
decrease the environmental pollution of high-temperature
waste heat, two-stage combined cycles have been
adopted in many power plants. According to classical
thermodynamics, the performance of a two-stage combined
cycle is identical to that of a single-stage cycle operating
in the same temperature range. For example, when a two-
stage reversible combined cycle operates between hot and
cold reservoirs at temperaturesTH andTL, respectively, its
efficiency
η = 1 − τ ≡ ηc (1)
and work output per cycle
W = QH − QL ≡ Wc (2)
are, respectively, equal to the efficiencyηc and the work
output per cycleWc of a reversible Carnot heat engine
operating in the same temperature range, whereQH andQL
are the heats absorbed from the hot reservoir and rejected
to the cold reservoir by the working fluid per cycle, and
τ = TL/TH .
When the influence of finite-rate heat transfer between
the working fluid and the external heat reservoirs is
considered and the heat transfer obeys a linear law [1–
3], the efficiency of a two-stage endoreversible combined
† Address for correspondence.
cycle at maximum power output [4–6]
η = 1 − √τ ≡ ηm (3)
is just equal to the maximum power efficiencyηm of
a single-stage endoreversible Carnot heat engine [7–13]
operating in the same temperature range. However, the
maximum power output of the combined cycle system [6]
Pmax = pmaxA = UATH(1 −
√
τ)2 (4)
is, in general, smaller than that of a single-stage
endoreversible Carnot cycle system operating in the same
temperature range, whereA and U are, respectively,
the total heat transfer area and equivalent overall heat
transfer coefficient of the cycle systems, andpmax is the
maximum specific power output [6, 14]. When the overall
heat transfer coefficient between two cycles approaches
infinity, the performance of a two-stage endoreversible
combined cycle system may be identical to that of a
single-stage endoreversible cycle system operating in the
same temperature range. However, when the overall heat
transfer coefficient between two cycles is finite, a two-
stage endoreversible combined cycle system has some new
performance characteristics [6, 15] which are different from
those of an endoreversible Carnot heat engine.
When the irreversibility of finite-rate heat transfer and
the internal dissipation of the working fluid are considered
simultaneously, what will happen to a two-stage irreversible
combined cycle? This is a problem worth investigation.
0022-3727/96/112818+05$19.50 c© 1996 IOP Publishing Ltd
Efficiency of an irreversible combined cycle
Özkaynak [16] attempted to study this problem. However,
he introduced an error so that a series of results obtained
[16] are incorrect.
In this paper we use an irreversible combined cycle
model with continuous flow, which is more general than
that adopted in [16], to analyse the optimal performance of
a two-stage combined heat engine system affected by the
irreversibility of finite-rage heat transfer and the internal
dissipation of the working fluid.
2. The model of an irreversible combined cycle
In a two-stage combined heat engine system, the two cycles
have two different working fluids and operate in different
temperature ranges. They are combined through a heat
exchanger between the two cycles. Waste heat from the
first cycle is used totally as the heat source of the second
cycle. Each cycle is composed of two isothermal and two
adiabatic processes. The working fluid in each cycle system
flows continuously so that the combined cycle operates
in the steady state. Such a combined cycle is shown in
figure 1: qH is the rate of heat transfer from the hot
reservoir at temperatureTH to the first cycle;qI is the rate
of heat transfer from the first cycle to the second cycle;
qL is the rate of heat transfer from the second cycle to the
cold reservoir at temperatureTL; UH is the overall heat
transfer coefficient between the hot reservoir and the first
cycle; UI is the overall heat transfer coefficient between
the first and second cycles;UL is the overall heat transfer
coefficient between the second cycle and the cold reservoir;
Tw1 and Tc1 are, respectively, the temperatures of the
working fluid in the high- and low-temperature isothermal
processes of the first cycle;Tw2 and Tc2 are, respectively,
the temperatures of the working fluid in the high- and low-
temperature isothermal processes of the second cycle; and
P is the power output of the combined cycle. Owing
to internal dissipation of the working fluid, all processes
are irreversible. The entropy of the working fluid in the
adiabatic processes increases.
The T –S diagram of the combined cycle differs from
that of an endoreversible combined cycle, as shown in
figure 2, where1Sw1, 1Sc1, 1Sw2 and 1Sc2 are the
entropy differences of the working fluid in the reversible
isothermal processes at temperaturesTw1, Tc1, Tw2 andTc2
respectively.
When the heat transfer obeys a linear law, one has
qH = UHAH(TH − Tw1) (5)
qI = UIAI (Tc1 − Tw2) (6)
and
qL = ULAL(Tc2 − TL) (7)
whereAH is the heat transfer area between the hot reservoir
and the first cycle,AI is the heat transfer area between the
two cycles andAL is the heat transfer area between the
second cycle and the cold reservoir. The total heat transfer
area of the combined cycle is
A = AH + AI + AL. (8)
Figure 1. Schematic diagram of a two-stage irreversible
combined cycle.
Figure 2. The T –S diagram of a two-stage irreversible
combined cycle.










to describe the irreversible degree of the two adiabatic
processes in the first and second cycles respectively. In
general,R1 is not equal toR2. For the special case of
R1 = R2, we obtain the cycle model adopted in [16].
According to the cycle model mentioned above and the












It can be seen clearly from equations (11) and (12) that
when R1 = R2 = 1, the two adiabatic processes in each
cycle are reversible so that the system is an endoreversible
combined cycle. WhenR1 < 1 and R2 < 1, the two
adiabatic processes in each cycle are irreversible so that
the system is an irreversible combined cycle.
From equations (5)–(8), (11) and (12), we obtain
the efficiency and specific power output of a two-stage
irreversible combined heat engine system:
η = 1 − qL
qH








p = P/A = (qH − qL)/A










whereRT = R1R2 is the total degree of irreversibility of
the four adiabatic processes in the combined system.
Below, equations (13) and (14) will be used to
analyse the optimal performance of a two-stage irreversible
combined heat engine system.
3. Maximum specific power output and optimally
combined conditions




UH(TH − Tw1) +
1 − η
R1UI [(1 − η)Tw1 − Tc2/RT ]




From equation (15) and the extremal conditions
∂p/∂Tw1 = 0 ∂p/∂Tc2 = 0 ∂p/∂η = 0 (16)
we find that, when the specific power output attains its
maximum, the optimal temperatures of the working fluid in
















































































Substituting equations (17)–(19) into equations (15) and
(13), we obtain the maximum specific power output




and the corresponding efficiency
η = 1 −
√












is the equivalent overall heat transfer coefficient of the
system. From equation (20) one can easily generate the
curves of pmax/(UHTH ) varying with RT , as shown in
figure 3 where the influence ofRT on the maximum specific
power output is quite obvious.
It should be pointed out that when the combined system
operates with maximum specific power output, the heat
transfer areasAj (j = H , I , and L) cannot be chosen
arbitrarily. From equations (5)–(7), (11), (12) and (17)–



































The above relations may serve as a guide for engineers in
the design of heat exchangers for a real combined power
cycle system.
4. Several special cases
When R1 = R2 = 1, an irreversible combined cycle
becomes an endoreversible combined cycle. Equations (20)
and (21) are identical to equations (4) and (3).
2820
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Figure 3. pmax /(UH TH ) versus RT curves. Plots are
presented for τ = 0.4, UH = UI = UL, R2 = CR1 ≤ 1 and
R1 ≤ 1, where C is a proportional constant. Curves I, II
and III correspond to the cases of C = 0.9, 1 and 1.1
respectively.
When UI → ∞, i.e. the irreversibility of finite-rate








so that the maximum specific power output and the
corresponding efficiency of a two-stage irreversible
combined cycle are the same as those of a single-stage
irreversible Carnot heat engine having the sameRT and
operating in the same temperature range. In other words,
all the performance criteria of a two-stage irreversible
combined cycle are identical with those of a single-stage
irreversible cycle.
However, in a real combined cycle system,UI is
usually finite. For the sameRT , the maximum specific
power of a two-stage irreversible combined cycle is, in
general, smaller than that of a single-stage irreversible
cycle operating in the same temperature range because there
exists an irreversible loss between the two cycles in the
combined cycle system, such that the performance of a two-
stage endoreversible combined cycle is different from that
of a single-stage irreversible cycle operating in the same











where pmax,1 is the maximum specific power output of
a single-stage irreversible cycle having the sameRT and
operating in the same temperature range. Equation (26)
shows clearly thatpmax is always smaller thanpmax,1.
WhenRT > 0.5, pmax is always smaller thanpmax,1/2, as
shown in figure 4. It is thus obvious that for real combined
cycle systems, one should aim to increase the overall heat
transfer coefficient between the two cycles and decrease the
internal dissipation of the working fluid.
The above results seem to show that the performance
of a single-stage irreversible cycle is better than that
of a two-stage irreversible combined cycle having the
sameRT and operating in the same temperature range.
Figure 4. pmax /pmax ,1 versus RT curves. The values of R1,
R2 and C are the same as those used in figure 3.
However, it should be noted that because of the working
fluid used and the materials required, a single-stage cycle
operates, in general, over a certain temperature range which
may be only a fraction of the total available temperature
range. When the span of temperatures between the hot
and cold reservoirs is large, the total temperature range
could be utilized more productively if different cycles were
combined and different working fluids employed.
When R1 = R2 = R, RT = R2. This special
case is just the same as the cycle model adopted in [16].
Equations (20)–(22) may then be written respectively as
pmax = UTH(1 −
√
τ/R)2 (27)
















Obviously, equations (27) and (28) are different from those
obtained in [16]. Why are two different results derived
from an identical cycle model? The main reasons are as
follows. (a) All the results in [16] are derived from an error
premise (see equation (27) in [16]), i.e.
Pmax = (P1)max + (P2)max (30)
where(P1)max , (P2)max andPmax are the maximum power
outputs of the first and second cycles and the combined
cycle respectively. (b)Özkaynak did not discuss the
optimal distribution of heat transfer areas, which is one
of the most important problems in the optimal design of
real cycle systems.
5. An equivalent simplified system
Let R1UI = U ∗I , RT UL = U ∗L and TL/RT = T ∗L . The
equivalent overall heat transfer coefficient of the system
and the ratio of the equivalent temperatures of the cold and













Figure 5. The equivalent simplified system of a two-stage
irreversible combined cycle.
and
τ ∗ = T ∗L/TH . (32)
Equations (20) and (21) may be rewritten as




ηm,i = 1 −
√
τ ∗. (34)
Obviously, the form of equations (33) and (34) is the same
as that of equations (4) and (3). This implies that when
the above equivalent parameters are introduced, a two-
stage irreversible combined cycle operating between hot
and cold reservoirs at temperaturesTH andTL and having
overall heat transfer coefficientsUj(j = H, I, L) may be
equivalent to a two-stage endoreversible combined cycle
operating between hot and cold reservoirs at temperatures
TH and T ∗L and having equivalent overall heat transfer
coefficientsU ∗j , as shown in figure 5.
Using the above method, one can prove further that the
maximum power output and the corresponding efficiency
of an n-stage irreversible combined heat engine system
operating between hot and cold reservoirs at temperatures
TH and TL are still given by equations (33) and (34), as
long as the total heat transfer area, equivalent overall heat
transfer coefficient of the system and the total degree of
irreversibility resulting from the adiabatic processes in the
system are, respectively, expressed as









+ · · · + 1√
U ∗i,i+1
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RT = R1R2 . . . Ri . . . Rn (37)
where U ∗i,i+1 = R1R2 . . . RiUi,i+1, Ai,i+1 and Ui,i+1 are
the heat transfer area and overall heat transfer coefficient
between theith and(i +1)th cycles, respectively, andRi is
the degree of irreversibility resulting from the two adiabatic
processes in theith cycle. In summary, the introduction
of equivalent parameters can simplify the performance
analysis of irreversible combined cycle systems.
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